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ABSTRACT
Carbon dioxide (CO2) is one of the greenhouse gases in the atmosphere and possibly
it can be found the Earth in a solid state form. The strength and elasticity study of
carbon dioxide (CO2) under high pressures is important to understand the
rheological behavior of CO2 that may be relevant to the CO2 storage issue within the
Earth and also explaining the evolution of terrestrial planets. Quantitative
measurements of the strength of C02were achieved in a diamond anvil cell using
angle dispersive x-ray diffraction (AXDX). The strength of CChis determined using
three different methods. At first the shear stress is calculated using the pressure
gradient of the CO2 under stress using a ruby florescence method. Secondly the peak
shifts in radial direction using ADXD method is used to analyze calculate the
differential stress and at last the peak broadening in axial direction in ADXD method
is used to calculate the deviatoric strain. In addition the equation of state and the
second order cubic elastic constant have been calculated. The shear stress of CO2
was measured by using pressure gradient and reaches a value of 1.13 GPa at
pressure 48. The ratio of the main differential stress to the aggregate shear modules
are 3.3-8% for pressures from 4-37 GPa. The differential stress has is less than 0.5
GPa at pressure below 12GPa and it rise quickly up to 2.4GP at ~37GPa. The
deviatoric strain of the sample yielded a value of 0.106-0.521 GPa.

KEYWORDS: diamond anvil cell; yield strength; elasticity; synchrotron X-ray
diffraction.
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1. INTRODUCTION
1.1 Overview of Carbon Dioxide
Carbon dioxide (CO2) is an important simple oxide in nature as it is one of the
dominant components of the atmospheres of Earth, Mars and Venus (Baker et al.
1991, Haberle et al 1995). Moreover, it is also found in asteroids and Jupiter
satellites along with simple species like ammonia (NH3) and methane (CH4). At
ambient temperature and pressure condition, CO2 is in a gaseous state; we exhale
this gas during respiration and plants use it for photosynthesis process. Carbon
dioxide can be produced by combustion of fossil fuels, emitted from volcanoes, hot
springs and geysers and freed from carbonate rocks by dissolution. Annual emission
of carbon dioxide for all the countries in the world in 2008 has been recorded to be
29,888,121 thousand metric tons (CDIAC 2008). The crystal phase of CO2 known
with the name of "dry ice" is a widely used material for cooling.
Recently there has been growing concern regarding climate change. Central to these
discussions is the topic of CO2 and its rising levels in the atmosphere. As a result CO2
capturing and sequestration guides have been given to reduce the impact of CO2
emissions. A lot of issues surrounding the infrastructure and cost effectiveness of
achieving this challenge have been discussed (Lackner 2003, Bachu 2007, Nettels
and Conner 2008). Injection of CO2 into deep-sea basalt formation provides a
significant advantage over other potential geological storage options (Goldberg et al.
2008). However, recently it was found that a reduction in atmospheric CO2
concentration leads to a temporary increase in global precipitation (Cao et al. 2011).
In addition, Miller et al. (2004) proposed that based on two earthquakes that
occurred in Italy in 1997, and the following several sequences of aftershocks,
resulted from fluid pressure pulse generated from the cosesimc release of an
underground source of trapped CO2 under high pressure. Furthermore CO2 in the
supercritical state becomes a "supersolvent”. Thus it has the potential to dissolve,
weaken or transform the minerals in the injection formation. Weakening of rock
formation can lead to increases of hydraulic fracturing. Dissolution of minerals
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precipitated along a fault will reduce the strength of the fault, and increase the
possibility of frictional sliding condition making failure more likely to occur
(Siminchak and Gupta 2002).
Arrhenius’s discussion more than a century ago about climate change and his
conclusion that continued emission of CO2 from the combustion of fossil fuels could
lead to warmer climate (Arrhenius, 1896). This led to a new era of further
investigation into this material. During the last 50 years several new methods and
techniques have been used for understanding the physical and chemical properties
of CO2. At high pressure and temperature, CO2 exhibits a complicated solid state
thermodynamic/kinetic phase diagram (kinetic phase diagrams include metastable
phases and kinetic borders). Even though this molecule has a very simple form it
demonstrates a great deal of complexity in terms of different stable and metastable
phases as well as amorphous form. The phase diagram is characterized by five
molecular crystalline phases (I, II, III, IV and VII), two nonlinear crystalline phases
(V and VI) and one non molecular, rather complex amorphous form (a-carbonia).
CO2 is a prototypical molecular system, with strong covalent bond and a quadruple
moment of -4.3 x 10-26 esu cm2 (electrostatic units) (Buckingham et al. 1968). It
serves as a model of a system involving the 71 bond and hybridization properties of
the carbon atoms, which are severely affected by pressure (Santoro and Gorelli
\

2006).
1.2 Carbon dioxide and its implications in the Earth carbon cycle
Carbon is transported in various forms through the atmosphere, the hydrosphere,
and geologic formations cyclically through time. CO2 as a compound made of carbon
has its implication in the Earth carbon cycle (Figure 1.1).
One of the primary pathways for the exchange of CO2 takes place between the
atmosphere and the oceans. The oceans contain fifty times more CO2 than the
atmosphere and ten times more than the latest estimates of plant and soil and
carbon stores (Sabine et al. 2004).
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C02 moves between the atmosphere and the ocean by molecular diffusion, when
there is a difference between the CO2 gas pressure in the ocean and atmosphere. The
basic mechanisms controlling the natural distribution of carbon in the ocean
interior consists of solubility and biological pump. When CO2 dissolves in the ocean
it combines with water (H2O) , forming carbonic acid (H2CO3) that subsequently
loses hydrogen ions (H+) to form bicarbonate (HCO3-) and carbonate [CO32") ions
(Quere et al. 2004). Mollusk shells or mineral precipitates that form by the reaction
1 of calcium or other metal ions with carbonate may become buried in geologic strata.

The flux of carbon (or carbonates) into the Earth is occurring almost entirely via
subduction of oceanic plates at convergent margins, while outside the Earth's
interior the carbon flux is dominated by magma transportation into and through the
crust associated with volcanic degassing which releases CO2 into the atmosphere.
C02 is also exchanged through photosynthesis in plants and through respiration in
animals. Dead and decaying organic matter may ferment and release CO2, methane
(CH4) or become incorporated into sedimentary rock, where it is converted to fossil
fuels. Burning of hydrocarbon fuels return CO2 and water (H2O) to the atmosphere.
The biological and anthropogenic, pathways are much faster than the geochemical
pathways and, consequently, have a greater impact on the composition and
temperature of the atmosphere (Murnane 1999). The surface carbon cycle is now
sufficiently well-understood and its characteristics have been exploited by society
for decades in diverse areas. This is not the case for deep within Earth (Takahashi et
al. 2002).
Study of carbon dioxide under high pressure and high temperature will lead to
better understanding of the physical properties of CO2. Studying the strength and
elasticity of CO2 can provide information for the mechanical properties of this
material and this might lead into constraining the pathways and fluxes of carbon
transportation into the deep Earth.
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1.3. High pressure and high temperature carbon dioxide phase diagram
Great progress has been made during the last 30 years in our understanding of high
pressure phase transitions of carbon dioxide. The path between the molecular and
non-molecular states is complex, and understanding the underlying mechanisms is
usually challenging. CO2 is a good example of this phenomenon. Let's review the
history of the high pressure and high temperature studies of the of stability field of
CO2 (Figure 1. 2).

Figure 1.2. High pressure and High temperature Phase diagram of Carbon Dioxide (Sengupa and
Yoo 2010)
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Until the end of 1980s, the face center cubic phase (Pa3) also known as dry ice (CO2
Phase I) (Figure 1.3) was the only known solid phase of CO2. CO2 Phase I is a typical
linear molecular solid with a weak intermolecular quadrupole-quadupole
interaction among neighboring molecules, giving a low bulk modulus (K 0) of this
phase to 12 GPa. Olinger (1982) performed powder X-ray diffraction studies up to
10 GPa at ambient temperature and reported the dry ice phase. Liu (1983) reported
an unknown phase but it could not be verified by x-ray diffraction studies by Olinger
(1982) and Raman studies by Hondson and Jones (1981). Later, x-ray diffraction
and Raman experiments also found no evidence for this phase (Aoki et al. 1994 and
Yoo et al 1999).

Figurel. 3 Cubic Pa3 structure of C02 Phase I

Predictions based on cohesive energy using empirical Monte-Carlo (1988)
simulations have been reported by Kuchta and Eters (1988) regarding the
transformation from the cubic structure Pa3 (Phase I) to an orthorhombic Cmca
structure at 4.43 GPa (CO2 Phase III)( Figure 1.4).
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Figurel. 4 Orthorhombic Cmca structure of C02 Phase III

The same phase transformation ranging from 10-20 GPa has been reported
experimentally by a x-ray diffraction study (Aoki et al. 1994), infrared spectroscopy
(Lu and Hofmeister 1995) and Raman Spectroscopy (Olijnyk and Jephcoat 1998).
The bulk modulus (Ko = 87 GPa) of phase III is unusually large for a molecular solid
but is consistent with its high lattice strain (Iota et al. 1999, 2001). Ab initio
simulation of CO2 using density functional theory (DFT) reported the phase
transition of CO2-I to CO2-UI at 9.9 GPa and room temperature (Gygi 1998) and this
result was close to the experimental work of Olijnyk and Jephcoat (1998) and Aoki
et al. (1994). The intermolecular interaction of CO2 molecules rapidly increases with
increasing pressures, which result in large lattice strains and phase metastability in
the intermediate pressure range of 20-40 GPa (Yoo et al, 1999, 2002).
An extended-solid phase (non molecular), CO2 phase V was obtained by laser
heating the orthorhombic molecular phase III above 40 GPa at 1800 K and was also

J
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.observed from Raman spectroscopy. This phase was temperature quenchable and
pressure recovered down to a few gigapascals, where it transforms back to
molecular CO2. Iota et al. (1999) reported that the crystal structure of CO2-V is
indeed similar to Si02-trydimite (P2i2i2i) and is similar to superhard cubic-BN with
a bulk modulus of 365 GPa. After the discovery of crystalline nonmolecular CO2 two
new solid phases II and IV were reported to exist close to the P-T range of CO2-V. At
at 20 GPa and 450-500K phase III transforms to a pseudo tetragonal phase II
(P42/mnm or Pnnm) (Yoo et al. 2002, Iota and Yoo 2007) and then phase IV formed
at 11-50 GPa and 300-750 K (Park et al 2003). Later, Santoro et al. (2006)
discovered an amorphous, monomolecular, silica-like carbon dioxide material
named "a-carbonia” by compressing CO2-III above 40-48GPa. Infrared and Raman
spectroscopy, synchrotron x-ray diffraction and first-principle Ab initio calculation
data concluded that a-C02 is the disordered counterpart of crystalline phase V and
a-C02 was also estimated to be a very hard glassy material similar to a-Si02. Another
molecular solid phase of CO2-VII has been reported at pressure up to 20 GPa in the
temperature range of 300-960K. Bonev and colleagues (2003) found, first, the
molecular geometry in phase II and IV is similar to that in the gas phase and second,
the proposed structure of phase IV from Iota and Yoo (2001) is not stable in the
proposed P-T range. This fact leads to a longstanding deba|e on the molecular
character of the high P-T phases IV and II of carbon dioxide. The results of Giordano
and Datchi (2007) support the molecular state of phase IV and II. They also reported
the presence of an unobserved phase (noted CO2- VII) above 640 K and 12 GPa,
intermediate between phase I and IV. Their collected Raman spectra conclude that
phase VII is the Cmca phase predicted by Bonev et al. (2003) The most recent study
reported the discovery of coesite-like carbon dioxide phases: coesite I phase (CI-CO2)
formed by laser heating and pseudo-six fold phase VI above 50 GPa, a high-presure
form of coesite (cll-CCh) by further compressing the cl phase above 70GPa, and an
amorphous form above lOOGPa (Sengupta and Yoo 2010).
Carbon dioxide (CO2) has a very complicated phase diagram, forming a number of
extended (molecular and nonmolecular) solids and also an amorphous phase at high
pressures and variable temperatures. The existence of these structures is a useful
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constraint for theory and computations and may provide guidance for designing
novel materials based on carbon structures. These results may also impact research
on carbon sequestration.

1.4. Objectives
In this study I focused on understanding the mechanical properties of CO2 such as
strength and elasticity under high pressure conditions. This was achieved using a
diamond anvil cell, together with synchrotron angle dispersive x-ray diffraction (in
axial and radial geometry] and measuring the pressure gradient by the ruby
florescence method combining Raman measurements. The pressure range of this
study corresponds to high pressure phases CO2-I and CO2-III. (Figure 2, 3,4]
The objectives and motivation of this study are as followings:
a) Investigate the strength and elasticity behavior of CO2 at different pressures
and ambient temperature.
b) Measure the shear stress of CO2 using the pressure gradient method via ruby
florescence method.
c) Measure the differential stress supported by CO2 using the lattice-strain
theory Singh (1993) and analysis of the shifts of the diffraction lines in the
radial ADXD patterns.
d) Determine the equation of state of CO2
e) Measure the elastic constants of CO2 at pressures within elastic regions.
f) Measure the deviatoric strain of CO2 via the broadenings of the diffraction
lines collected in axial ADXD patterns.
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2. INSTURMENTATION AND EXPERIMENTAL METHOD
The elasticity and strength of CO2 was examined using a diamond anvil cell (DAC)
along with angle-dispersive X-ray diffraction (ADXD) in both radial and axial
geometry. The sample was probed by using synchrotron x-ray radiation. The
obtained x-ray diffraction (XRD) patterns were analyzed using the lattice strain
theory [Singh et al., 1998a, 1998b) to understand the mechanical propertiés of this
material under high pressures. Furthermore, in order to determine the pressure
gradient of the material, the ruby fluorescence method was used to determine the
pressure distributed with the sample.
2.1. Diamond anvil cell
Diamond anvil cell technology has undergone major improvements during the past
three decades, exceeding pressures of 400 GPa [1 GPa = 10 Kbar = 10,000 bar =
9,870 atmosphere) [Ruoff et al. 1990). Over this period laboratory experiments in
earth and planetary sciences have utilized high pressure and temperature
apparatuses as the best means of directly examining the conditions deep within
planetary interiors (Figure 2.1). Several important fundamental questions regarding
phase transformation, crystal structures, the nature of atomic bonding, and
mechanical properties can be answered using high-pressure and high-temperature
techniques. The idea of using high-pressure devices coupled with X-ray
crystallography is rather simple and was introduced in the late 1950's from two
independent groups; one was from the University of Chicago specialized in highpressure (HP) X-ray powder diffraction studies (Jamieson et al. 1959), and the other
was from the National Bureau of Standards (USA) for infrared absorption
measurement (Weir et al. 1959).
Diamond is recognized as the hardest and least compressible material found in
nature. It also has the important property of being transparent to most of the
electromagnetic spectrum, including X-ray, portions of ultraviolet, visible and the
most of infrared region. These properties make diamonds very useful in being part
of high pressure apparatus for examination of in situ samples using different optical
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and spectroscopic methods (Raman, nfrared, and Brillouin) and diffraction
techniques.
4740 GPa
21800 K
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Figure 2.1 P-T ranges of high-pressure experiments along with estimated temperature profiles
for the Earth (geotherm) and other planets (Mao and Hemley 1998) The use of single-crystal
diamonds as Bridgman anvils cell started in 1959 that led soon to the use of diamonds and new
designs of diamond anvil cell for future application to high-pressure mineralogy. Mao and Bell
(1976) reported a mechanical design of the cell with which pressures above 100 GPa were
reached.

There are two types of diamond that are widely used in DAC: type I and II. Type I
diamonds have inclusions of nitrogen and type II has different kind of impurities
like boron for example that is trapped in the crystal during growth. In this
experiment we use low fluorescence, type I diamond for our Raman measurements.
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.The diamond anvil cell (DAC) configuration is based upon a pair of diamonds
oriented in an opposed direction. The diamonds themselves are skillfully cut from
natural, gem quality stone to have for example 16 pavilion facets, a table, cut and
polished tips that are the used as the working surfaces (i.e. so-called culets). The
anvils are cut to correct crystallographic orientation [table and culet parallel to (100)
diamond plane] and also to ensure parallelism of table and culet. The sample is
placed in the gasket hole (sample chamber) between the two parallel culets (figure
2). The culet dimensions are variable and are strongly correlated to the highest
pressure achievable in the diamond anvil cell. For example the diamond with 0.6
mm diameter culet size can achieve pressure up to 30 GPa. To perform studies at
higher pressures, diamonds cut with smaller, beveled culets are recommended. The
selection of diamond type and culet size is based upon the experimental technique
and the maximum pressure that needs to be achieved (Eremts 1996).
At the early stages,

powder samples were more suitable for use in the DAC,

because single crystal samples could be destroyed between two diamonds during
compressions. However, the input of the metal gasket between the diamonds
initiated a revolution in high pressure DAC use. Gaskets are made of different
materials like tempered stainless steel, rhenium, beryllium or boron. Initially the
metal foil is placed between the flat surfaces of the anvils and the opposite anvils are
tightened to obtain an indentation of desired thickness on the foil. In the center of
the indentation that is primarily made by the anvil is drilled a hole that serve as a
sample chamber. There are three critical functions of gasket, (1) encapsulating the
sample, (2) building a minimum gradient from ambient to the peak pressure, and (3)
supporting the tip of the anvils as shown in figure 2.4 (Mao and Hemley 1998).
There are several types of DACs (Figure 2.2), which differ in the mechanisms they
use to generate the load as well as the material that is studied (powder, single
crystal, liquid, or gas). Regardless of the DAC type, the diamond alignment plays an
important role for the success of the experiment. The diamond anvils must stay
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coaxial and parallel during loading to avoid either complete destruction of the
gasket or cracking of the anvils.
The DAC creates pressure that is naturally non-hydrostatic, which is similar to multi
anvil devices. Hydrostatic pressure is routinely generated in this environment using
a fluid along the sample inside a gasket for example ethanol-methanol 1:4. Still it is
difficult to create hydrostatic pressure for pressures beyond that required to
solidify the pressure medium which is about lOGPa at room temperature. (Weidner
1998) However, this problem can be resolved by using inert gases such as hydrogen,
helium or neon. Those inert gases can achieve hydrostatic environments in the
pressure range of 0-15 GPa.

Figure 2.2 D ifferent types of Diamond anvil cell (Hydrothermal, Symmetric, Panoramic,
three pin, short sym m etric) (Located in Diam ond Anvil Cell Laboratory at University o f
W estern Ontario)
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Figure 2.3 The sym m etric type o f cell used in this study.

Figure 2.4 Schematic of a typical diamond anvil cell (DAC): a pair of diamonds oriented in
opposed directions. The indented gasket and the sample chamber in the center of indentation.
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2.2 Synchrotron Radiation
When high energy charged particles, such as electron or positrons, are traveling in a
circular orbit at a relativistic speed (close to the speed of light), they emit
electromagnetic radiation tangential to the orbit. The radiation thus emitted is
called synchrotron radiation or synchrotron light. (Winick 1994). From the very
first observation in the laboratory in 1947 (Elder et al. 1947), synchrotron radiation
technology is evolved from the first to the third generation rings and the fourth
generation is under development.
In the storage ring, synchrotron radiation is produced either by the bending
magnets needed to keep the electrons in a closed orbit, or in insertion devices such
as wigglers or undulators placed in the straight sections of the storage ring. In the
insertion devices an alternating magnetic field forces the electron to follow
oscillating paths. In a wiggler, the amplitude of oscillation is large and the radiation
from different wigglers is incoherent. In an undulator the small amplitude
oscillations from the passage of a single electron produces coherent addition of the
radiation from each oscillation. The polychromatic beam is focused by with the
highest reflectivity. The monochromatic beam is focused using a pair of KirkpatrickBaez mirrors. The mirror surface is usually coated with a^heavy material like
platinum in order to obtain a high electron density. This produces a large critical
angle for total reflection, thereby reducing the required length of the mirror. By
curving a mirror, the focusing optical element for the X-rays is provided. The
radiation from the ring is delivered into beam line hutches that are tangent to the
storage ring. The X-ray diffraction data using the synchrotron source is recorded
with an area detector, for example a charge coupled device (CCD) or an imaging
plate (IP).
The characteristics of synchrotron radiation exhibits 1. brightness (highly
collimated in the forward direction), 2. tunability (broad energy coverage from
infra-red to gamma rays that can be continuous with BM/wiggler or tunable with
undulator), 3. polarization (linearly polarized in the orbit plane, tunable

16

polarization with specially designed undulators),4. time-structure (nanosecond
repetition rates) and 5. coherence (laser-like properties form undulators) and 6.
low-emittance beams (ideal for focusing micron-size dimensions, making it a highly
versatile light source that covers a large number of experimental investigations
j (Henderson and Baker 2002).
The applications of synchrotron radiation in high pressure mineralogy and mineral
physics have proved to be very effective and open a new window for a wide of
variety of experiments. Along with the new development of ultrahigh pressure
capabilities synchrotron has become one of the best probes in high pressure
research.
Previously many of questions related to materials at high pressure and temperature
were beyond our investigative capabilities. However, recent developments have
been extended using synchrotron radiation. One of most outstanding advantages of
I-III generation of synchrotron is the high resolution and lower time exposure they
can achieve comparing to conventional sources (Bassett and Takahashi 1964). It is
now feasible to examine samples at ultra high pressure exceeding 300GPa which
corresponds to size ranging from 3-10pm (Mao et al. 1989, Liu and Vohra 1996).
Since the sample is relatively small, a well collimated beam is required and the low
divergence of synchrotron beam can provide spatially well-defined x-ray beam at
large distance from the beam-defining slits. Beam line X17C at National Synchrotron
Light Source (NSLS) (Figure 2.5), Brookhaven National Laboratory (BNL) is
obtained by inserting a super-conducting wiggler magnet in the path of electrons
beam crating a radiation and energy that meet the energy criteria of these materials
that are studied under high pressure (Mao and Hemley 1998).
2.2.1 X-ray diffraction
X-ray diffraction is the predominant technique involved in high pressure research
using synchrotron radiation. It provides a way of identification of crystalline (e.g
Funamori and Jeanloz 1997) and amorphous transition (Hemeley et al. 1988),
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Meade et al. 1992), it yields precise unit cell parameters and equation of state data
for crystalline solids as a function of P-V-T. X-ray diffraction provides a measure of
the separation of crystalline planes within a solid following Bragg's law:
nX = 2dsinO where n is an integer, X is the x-ray wave length, 0 is the scattering
angle, and d is the spacing between lattice planes for the crystallites oriented with
the normal to these planes at an angle of 90-0 from the incident x-ray beam
direction and within the scattering plane. Diffraction experiments record the
direction of scattered x-ray and within the scattering plane. Diffraction experiments
record scattered x-ray intensity as a function of either 20 for a fixed wavelength
(angle dispersive),(Figure 2.6) or energy at a fixed 20 when the incident x-ray
beam source has the white spectrum (energy dispersive)(Figure 2.7). If Bragg's law
is satisfied, peaks occur in these recordings.

Figure 2.5 National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory (BNL),
Upton, New York.
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Figure 2.6 Schematic angle dispersive X-ray diffraction (ADXD) using diamond anvil
cell in a) axial and b) radial geometry. o\ and 03 are the radial and axial stress,
respectively. 20 is the diffraction angle.
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Figure 2.7 Schematic energy dispersive X-ray diffraction (EDXDJ using diamond
anvil cell in a) axial and b) radial geometry, oi and as are the radial and axial stress ,
respectively. 20 is th diffraction angle.
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2.3 Raman Spectroscopy
Raman spectroscopy is a spectroscopic technique based on the interaction of a
monochromatic light with materials. This is usually done with a laser source and the
light from inelastic scattering is measured. Changing of the frequency of
monochromatic photons upon interaction with the sample is characterized by
inelastic scattering. Photons of the laser are absorbed from the sample and then
reemitted. Frequency of reemitted photons is shifted up or down compared to the
original monochromatic frequency. This is known as Raman Effect. The frequency
shift provides information about vibration, rotation and low frequency translation
in molecules. (Ferraro and Nakamoto 1994)
Raman spectroscopy (Figure 2.8) is widely used for characterizing the properties of
minerals, glasses and melts at high pressure (Lee et al. 2008, Reichmann et al. 2010).
In the past two decades different developments in high pressure studies led also to
an improvement of Raman spectroscopy. Micro-Raman spectroscopy permits
focusing the excited laser beam on to the sample and collecting the Raman signals
through the objective of an optical microscope (Turrell and Corset 1996).
High-pressure Raman spectra of Earth materials can now be obtained routinely at
room temperature over the entire pressure range of the Earth using the diamond
anvil cell. The diamond anvil cell is ideally suited for micro-Raman spectroscopy,
which permits precise control over the region within the sample examined, and
gives excellent signal/noise ratio.
The characteristics of Raman system used in this study:
❖

Ar ion laser with a wavelength 488-514.5 nm

❖
❖
❖
❖
❖

0.5 m spectrometer
Confocal lens
Backscattering Geometry
Micrometer stage (1 pm step moving)
Liquid nitrogen cooled CCD detector
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Figure 2.8 Measurements of C02 pressure gradient by Raman spectroscopy (Located in Diamond
Anvil Cell Laboratory at University of Western Ontario)
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2.4 Sample Preparation
The sample preparation using DAC is a very important step in high pressure
experiments. However, there is no standard procedure in preparing samples due to
the different types of experiments as well as different kinds of materials such as
single crystal, powder, fluid or gas.
I utilized a pair of 300-pm culets and 16 facets diamonds in a symmetric diamond
anvil cell. Stress state inside both diamonds was checked with means of polarized
light via the Leica MZ6 microscope. Only those diamonds without built up stress
were chosen to be used. For this study, gaseous carbon dioxide (CO2 >99.999%
purity) was cryogenically cooled using liquid nitrogen and loaded as a dry ice in a
beryllium gasket inside a symmetric diamond anvil cell along with a gold flake with
20x 20 pm2 dimensions that served as a pressure standard.
2.4.1 Diamond alignment
The diamonds were cleaned using acetone and then they were placed on WC seats
that were pre-cleaned. A mounting jig was used for aligning the diamonds onto the
center of the seats. An epoxy was applied to fix the diamond position. Note that the
epoxy glue is a mixture of epoxy resin and catalyst.

V

The diamond and the seats were set overnight within the mounting jig to make sure
the diamonds are firmly fixed on the seats. Another alignment was taken after the
diamonds were well stuck with the seats and were placed into the DAC. Using the 4
pin screws in the cylinder and piston parts we aligned the diamond to accurately
match each other (Figure 2.9). Under the microscope we can observe the flatness of
the culet. If the transmission light is not showing up clear but color rings appear
that mean that Newton's rings are created due to the interference of the light with
the air, that means that the diamonds culet are not parallel to each other. This can
be improved by placing the spacers between the diamond anvils. At this point if
proper alignment is not achieved then the process need to be repeated. Diamond
alignment is one of the most important steps in cell preparation.
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Figure 2.9 Aligned Diamonds

2.4.2 Gasket preparation and alignment
<;■>.

qc ■-o/ .

V

The beryllium gasket was pre-indented to a thickness of approximately 25-27 pm
(Figure 2.10 a, b). Next, with the electrical discharge machining (EDM) apparatus, a
hole with a diameter 120pm in the center of pre-indentation was drilled. An
ultrasonic bath was utilized to clean the gasket hole from burrs and tiny powder left
after drilling for about 10 min. The gasket was then aligned in the tip of the
diamond that is placed in the piston part of the cell. On the top center of the
diamond that stands in the cylinder part of the cell it was placed a thin flake of gold
with a size of approximately 20x20 pm2. The gold serves as a pressure standard for
our experiments.
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Figure2.10 a) A beryllium gasket placed between the diamonds (300[jm) for being
indented, b) Indented beryllium gasket with a drilled hole in the middle (120pm)
2.4.3

Sample loading

In order to make sure the loading of the sample into the chamber is successfully
water calibration method is used. This method is particularly useful for gaseous and
liquid sample loadings. H2O and a ruby sphere that is used as pressure standard
were loaded together into the chamber of the gasket. This can provide us
information on marking the position of the screws of the DAC for future
cryogenically loading purpose.
For this experiment I followed the procedure used previously by Aoki et al (1994).
Commercially obtained gaseous CO2 of 99.999% purity was used. The CO2 gas was
blow into the sample chamber of the DAC that had previously been cooled in a
container using liquid nitrogen below the sublimation temperature of 195K (Figure
2 . 1 1 ). Solidified CO2 (dry ice) was quickly enclosed inside the chamber and

pressurized to a few GPa-s at low temperature. The cell was left aside till it was
warmed to the ambient temperature. Immediately, Raman spectroscopy was used
to check the ruby pressure and sample signals. Once the sample is successfully
loaded we need to check the size of the hole and the gold flake position to make sure
they are in acceptable condition (the hole has not experienced shrinking or
enlargement and the gold flake is in the middle of the culet) (Figure 2.12). After we
assure that everything is fine and our sample is thus called ready for the
synchrotron radiation run.
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The same method of CO2 loading is used to prepare the sample to take the pressure
gradient measurements. For this type of measurement ruby powder was distributed
across the diamond culet instead of gold foil (Figure 2.13). If the gasket hole has not
shrunk and the ruby powder is present across the sample chamber, this indicates
there is pressure inside the sample and it is ready for the experiment.

\
Figure 2.11 Cryogenically loading of C02sample in the diamond anvil cell uses liquid nitrogen to
cool down the cell and creates dry ice a), b) c). Next, the dry ice is sealed in the chamber of the
gasket by screwing down the cell d).
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Figure 2.12 C02 sample at 4.9 GPa with a gold flake used as pressure calibrant for synchrotron
measurements (130pm diameter hole and gold size ~20x20pm2)

Figure 2.13 C02 sample under high pressure. Ruby powder used as pressure calibrant evenly
distributed in a hole with size of 120pm. Different pressures represent C02 at different phases:
a) phase I, b) mixed phase I and III and c) phase III.

27

2.5 Synchrotron X-ray diffraction method
In situ synchrotron X-ray diffraction measurements were performed at beamline
X17C of National Synchrotron Light Source of the Brookhaven National Laboratory.
The ADXD technique and measurements in radial and axial direction were taken.
The incoming X-ray beam with a fixed wavelength (À= 0.4066 À) was collimated by
slits and focused by a pair of Kirkpatrick-Baez mirrors to a size of ~24 x 27 jim2. A
CCD detector was positioned facing the incoming beam where the sample stands in
between of the incoming beam and CCD.
Before the data was collected, the CCD detector needs to be calibrated. Using a
standard calibrant with accurately known d-spacing allowed for refining the
individual parameters of the diffraction geometry: X-ray beam center, the sample to
detector distance. Therefore, cerium oxide (CeCh) was used as the calibrant. This is
a standard reference material used in quantitative X-ray diffraction analysis and
certified by the American National Institute of Standard and Technology (NIST). The
calibration consisted of (1) collection of a Ce02 diffraction image (2) conversion of
the two-dimensional image to one-dimensiónal patter (3) Using Fit2D program to
obtain the necessary parameters for detector calibration.
DAC is placed carefully in a specific holder designed particularly for symmetric DAC
for radial and axial geometry (Figure 2.14 a, b,) in order that àie center of rotation
of the sample is well controlled. Before obtaining the data another important
correction needs also to be taken. This is called diamond correction and is a critical
step to ensure that our sample position well matches with the previous Ce02
calibration.
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Figure 2.14 Angle dispersive X-ray diffraction methods in axial (a) and radial (b) geometry using
synchrotron radiation. (X17C NSLS Brookhaven Laboratory).
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Before exposing the sample a photodiode was used to scan the sample for finding
the sample position (Figure 2.15). This process can take some time but it is crucial
for the results of the data acquisitions.

Figure 2.15 Photodiode scanning image for the sample position. The dimple represents the C02
sample and gold flake position.
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3. THEORY
Mechanical behavior and properties of the material are characterized by strength
studies and measurements at high pressures. Diamond anvil cell and synchrotron
radiation experiments allow in situ investigation of strength and deformation
studies. The use of uniaxial loading results in significant pressure gradients and
differential stresses (Wu and Bassett 1993). In diffraction, the Debye ring distortion
gives information as the stress increase within the sample. This study is based on
three different theoretical methods of measuring the strength.
3.1 Pressure Gradient
The first quantitative method to identify non-hydrostatic stresses is developed from
observation of pressure gradients using the ruby florescence technique.
The pressure gradients are usually linear over much of the sample with a welldefined maximum in the center. If the data show that the stress in the diamond cell
is approximately axially symmetric, the force balance for the stresses can be written
as follows (Fung 1965):
(3.1.1a)
V

dr

dz

r

(3.1.1b)

The origin of the coordinate axis is in the center of the sample (Figure 3.1): z is
parallel to the loading axis, r is the radial distance from the center of the sample, and
0 is perpendicular to r in the plane of the culet face. Because of the axial symmetry
condition, none of the stress components vary in the 0 direction [do^/ 50 = 0), and
the only nonzero stresses are arrazz,a 00,and arz.
With this coordinate system, all stresses are symmetric about the axis r = 0 and the
midplane z = 0. We note that orz and orr - o 00 must vanish at r = 0 by symmetry
(this prevents the third terms in (la) and (lb) from becoming unbounded). With
two approximations, one can integrate (3.1.1a) and obtain an expression forarz.
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^rz

_

dtrrr(r)
dr

(3.1.2a)

The shear stress of the sample exerts on the diamond is
h dorrr
- r z - 2 dr

(3 .1 .2 b )

where h/2 is the half the sample thickness. The integration shows that at a
particular radius the magnitude of crrz increases away from 0 at midplane (z=0) to
its maximum value at the culet - sample interface. In the pressure range of our
experiment we expect that since the shear stresses ((arr —azz « P). the radial
gradients of the normal stresses are all approximately equal to

dr

dr

thus we can rewrite (3.1.2b)
hdP

Or?
,
■rz - _2 dr

P - 1 -3 )

This expresses the shear stress at the diamond-sample interface in terms of
measurable quantities: sample thickness (h) and pressure gradient (dP/dr) (Meade
and Jeanloz 1988).

v
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Diamond Anvil Cell Stresses

Figure 3.1 Cross section of polycrystalline yield strength experiment in the diamond cell,
with schematic illustration of the nonhydrostatic stresses across the sample. Illustration of
the sample (CO 2) inside the chamber hole of DAC and the ruby powder are shown during
the measurement of pressure gradient and using ruby fluorescence method.
\
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3.2 Peak shift analysis
A second method for stress determination uses measurements of the sinusoidal
shape of diffraction rings formed by X-rays which pass perpendicularly to the axes
of the diamond cell (Sing and Kennedy 1974). Interpretation of sinusoidal variation
of d-spacings has been a matter of debate. For these reasons elastic strain theories
have been developed for samples that are nonhydrostatically compressed in the
diamond anvil cell. (Singh 1993, Singh et al 1998)
In the diamond anvil cell the sample is held in a small gasket hole and compressed
uniaxially between two gem quality diamonds. In the center of the sample the stress
tensor can be written as:
0
.0

Orr

0

o•
0
Q

0

N
N

II

°rr

where ozz is the principal stress in the axial of diamond cell loading direction and
arr is the principal stress in the radial direction. The difference, ozz—orr = t, relates
to the uniaxial stress component. The maximum shear of von Misses yield criterion
lead to the relation:
t = azz—orr < 2t = Y

'

(3.2.2)
\

where x is the shear strength of the specimen material and Y is the yield strength.
Equality stands when von Mises's yielding criterion is satisfied. As in most high
pressure deformation studies using a DAC ( Duffy et al 1999a, 1999b, Shieh et al.
2002, 2004, Kavner, 2008) it is assumed that the yielding point has been achieved
and differential stress supported by the studied material represents its yield
strength at given pressure. The equivalent hydrostatic stress (mean normal stress)
for a stress system is given by:
_

CFrr+crrr+o'zz

_

i

t

Op = ----------— — ~ = Orr + -

ro n o't
(3 .2 .3 )

The stress system can also be expressed as the combination of aP and the deviatoric
stress Djj
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(3.2.4)

2t/3.

The strain produced by the deviatone stress Dij in terms of interplanar distances (dspacing) can be expressed as:
eD = [dm(hkl)-dp(hkl)]/dP(hkl)

(3.2.5)

where dm(hkl) is the measured d spacings for the lattice plane (hkl) under stress
condition Ojj and dP(hkl) is the d spacing only under the equivalent hydrostatic
stress aP (Singh et. al. 1998, Mao et al. 1998).
The d spacing for a given set of lattice planes measured by X-ray diffraction is a
function of the i|j angle that is the angle between the diamond cell principal stress
axis and the diffracting plane normalfFigure 3.2)(Singh et al., 1998 a):
dm(hkl) = dP(hkl)[1 + (1 - 3cos2i(j)]Q(hkl)
(3.2.6)
where
=

v

t3-2'7)

GR(hkl) is the aggregate shear modulus calculated under Reuss (iso-stress)
condition assuming uniform stress on all the parts of the material. Gv(hkl) is the
shear modulus under the Voigt (iso-strain)condition, assuming equal (homogeneous)
strain on each subpopulation of polycrystalline grain representing a certain
crystallographic orientation with respect to the applied stress. The factor a, which
lies between 0 and 1 ,

is a degree of the stress-strain continuity across grain

boundaries in the sample, and defines the relative weight of the strain calculated
under Reuss and Voigt bounds.
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Radial Principal
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O«
Axial Principal
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Figure 3.2 Schematic illustration of X-ray diffraction method used in this study. On-and Gzz
are the radial and axial stress respectively imposed by the anvils. i|/ is the angle between the
diffracting plane normal and the loading axes; 20 is the angle between the incident and
diffracted X-ray beam.
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For the cubic system, such as CO2 phase I the expressions for GR(hkl) and Gv(hkl) in
terms of single crystal elastic compliances Sij are expressed as follows (Singh 1993)
[2 GR(hkl)]_1 = Sn - S12 - 3Sr(hkl)

(3.2.8)

where S is a measure of the elastic anisotropy and is given by
S = Su —S12 ~ S44/2

(3.2.9)

and r(hkl) is the orientation factor and can be expressed as
r(hkl) =
and

h2k2+k2l2+l2h2
(h2+k2+l2)

(3.2.10)
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[2Gv(hkl)]_1 =

5 (Sll-Si2)S44
2 [3(Sii—Si2)+S44]

(3.2.11)

where Sjj are the isothermal single-crystal elastic compliances.
Relations between single crystal elastic compliances and elastic stiffness are given
by (Nye, 1985)
Q

__

11

_____ Sll+Sl2
(Sii-Si2)(Sii+2S12)

(3.2.12a)

_______ ~Sl2_______

(3.2.12b)

(Su -S 12)(S11+2S12)

(3.2.12c)
According to the Eq. (3.2.6), dm(hkl) will vary linearly with 1 —3cos2i|j . The
intercept of the relation gives the d spacing at hydrostatic condition, when
1 —3cos2i|j = 0, which is equivalent to i|/=54.7°. At this angle there is no
contribution to the measured d spacing from the deviatone stress tensor. The slope
of dm(hkl) versus the 1 —3cos2i(j relation yields the product of dP(hkl)Q(hkl). It is
obviously that the value for Q(hkl) can be estimated out of this product. Then,
assuming widely accepted Reuss micro-mechanical condition (a = 1) inside the DAC
apparatus (Shieh et al. 2002, Weidner et al. 2004) one can obtain the differential
stress for each individual crystallographic plane form the relation
t(hkl) = 6 GR(hkl) Q(hkl)

(3.2.13)

where GR(hkl) is the Reuss bound for the shear modulus of individual
crystallographic orientation. The average differential stress component t, which is
independent of (hkl), can be found from
t(hkl) = 6 GR(hkl)<Q(hkl)>
where (Q(hkl)) is the average Q(hkl) values form all measured reflections.
The ratio of the yield strength to the shear modulus can be expressed by:

(3.2.14)
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S o = m

m

)

(3.2.15)

Equations (3.2.7) and (3.2.8) show that the plot of Q(hkl) versus T(hkl) is a straight
line for the cubic crystal with slope m1 and intercept m0.
(3.2.16)

m0 = i[ a ( S 11- S 12) + 5 ( l - a ) ^ S :]

(3.2.17)

mi = - 7 P n —s12 —S44/2]

The ratio of m1 to m0 has direct information on the elastic anisotropy S of the
studied material and can be written as:
mo =

3

mi =

(3.2.18)

P ii ~ S12]

(3.2.19)

[Sii —S12 —S44/2]

the elastic anisotropy S can be estimated directly from the ratio of mi and m0 :
m0 _
mi

/ S \
\S—1/

(3.2.20)

In addition, the linear compressibility %of a cubic crystal is given by
X = - ( ^ ) t = ^ = S11 + 2S12

^

(3.2.21)

where a is the lattice parameter and K is the isothermal bulk modulus. Using the
finite-strain equation in Eulerian coordinate system (Poirier, 2002)
Kt = (1 - 2f)s/2 (k0 + M )

(3.2.22)

0

II

0

where:

kx —3K0t Kqt —5K0t

(3.2.23a)
(3.2.23b)
(3.2.23c)
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and K0t and K qT are the isothermal bulk modulus and its pressure derivative at
ambient conditions, respectively. Values of the isothermal bulk modulus and its
pressure derivative for studied CO2 were obtained by fitting the third-order Birch
Murnaghan equation of state to the experimental volume-pressure data at i|/=54.7°
that corresponds the hydrostatic stress condition.
P = 3Jf

[(y )7/3 - (t )S/3] t1 + ; (Ró - 4) [( v ) 5/3 - 2])

(3.2.24)

Using the system of three equations (3.2:18), (3.2.19) and (3.2.22) we will be able to
obtain all the independent elastic compliances for the cubic crystal:
e,
1 , 2m0
bl1 “ 9KT ' t

(3.2.25a)

Ç
1
rn0
bl2 “ K i " T
0
óCmo+mi)
i>44 t

(3.2.25b)
(3.2.25c)

Or with the inverse relationship between the elastic stiffness and elastic compliance
tensor (3.2.12 a, b, c) we can obtain the formulas for the single crystal elastic
stiffness:
(3.2.26a)

C l1 - Kt + 9m0

ci 2 - KT
r

44

—

\

9mo

t
óCmo+rri!)

(3.2.26b)
(3.2.26c)

The elastic anisotropy of a cubic crystal can be characterized by the anisotropy ratio
A, known as the Zener ratio, which is the ratio of shear modules in the (100) and
(110) planes in the (100) direction (Duffy et al. 1999a, Merkel et al. 2002).
^ _ 1

2S _ 2 (S ji S12) _

S44

S44

2C44

Cn_ Ci2

(3.2.27)

Materials that are elastically isotropic have a value of A=1 value. Values of A greater
than 1 signify that C44 is greater than(Cn —C12)/2, whereas the opposite holds
when A is less than 1.

q
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In the case of a uniform stress model (a = 1), the Zener ratio can be recovered
independently of the values of differential stress, t, bulk modulus, K and shear
modulus G. From equations (3.2.18 and 3.2.19) we can write:
A = m0+mi

(3.2.28)
v
J

3.3 Peak broadening analysis
There are two main sources that cause the peak broadening:
(a) Instrumental Contributions
(b) Sample Contributions
In this study we have been more concern to investigate the sample contribution.
This arises from two main sources known as crystallite or grain size, L and strain z.
3.3.1 Grain Size
In 1918 Scherrer derivated a formula relating the mean (volume average), the grain
size L of a powder to the broadening of its powder diffraction peaks Bs (ignoring
other effects such as strain):
SA.

L cos0

(3.3.1)

where 0 is the usual Bragg angle, A is the radiation wavelength, and S is a constant
which depends on the assumptions made in the theory (e.g. the peak shape and
crystal habit, spherical crystallites being the easiest case to interpret) but is close to
unity and often taken as 0.9. The use of peak broadening to determine crystaline
size is normally limited to cases where the average crystallite size is < 1 pm.
3.3,2 Strain
The second main source of specimen broadening is due to strain, or more correctly
inhomogeneous strain as we shall see. For the moment consider just one crystal
undergoing diffraction with the parameters d, A, 0 given by Bragg's Law, as
illustrated in part (a) below:
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crystallite

Figure 3.3 Illustration of unstrained, homogenously strained and inhomogeneously strained
crystallite.

If the crystallite is strained then the d spacings will be changed; a compressive stress
would make the d spacings smaller (and a tensile stress would make the d spacings
larger], say reducing a given spacing d to d - 6d. Then by Bragg's Law the position of
the peak will increase from 20 to 2 (+ 60] where:

A = 2 (d — 8d) sin(0 + 60)
if every crystal in the sample was strained (compressed] by the same amount they
would result in a peak shift from 20 to 2(0 + 60) as illustrated in part (b) of the
Figure 3.3; i.e. there is only shifting of the diffraction peak, but no broadening.
Indeed this shift can be exploited as an in-situ measurement of internal strain in
objects such as railway tracks. We would describe such strain as homogeneous
meaning that all crystallites were strained by the same amount However if the
strain is inhomogeneous the different crystal will be strained by different amounts
and the shifts in 20 will be variable. For example a single diffraction spot (or line)
would become a continuum of spots (or lines) the envelope of which in the limit of
many crystal would appear as just one smeared-out spot (or line); this is illustrated
in part (c) of the figure for the case of a single crystallite containing a defect.
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.Structural defects, such as interstitials, vacancies, dislocations and layer faults,
induce inhomogeneous strain within a crystal, the degree of strain obviously being
greater at distances close to the actual defect. One can derive an approximate
relationship relating the mean inhomogeneous strain (e) to the peak broadening it
produces (¡3e ). This is derived by differentiating Bragg's Law and relating the
inhomogeneous strain to the differential Sd/d. It has the simple form:
Bd = CstanB

(3.3.2)

where the value of the constant C depends on the assumptions made concerning the
nature of the inhomogeneous strain, but is typically « 4 or 5. Note that the
dependence of strain broadening on the Bragg angle, 0, is quite different from that of
crystal size. This difference is exploited as explained in the next part.
Line broadening can be caused by either elastic strains or small grain sizes so we
can write (Williamson and Hall 1953):
B = BS + Bd

(3.3.3)

B= r ib

P -3-4»

+ C£tan0

where B represents the sample contribution to the line broadening (it refers to full
width at half maximum (FWHM) of Gaussian profile in our experiments), Bs is the
v

sample contribution of the grain size and Bd is the sample contribution of crystal
distortions.
If we multiply this equation by cos0 we get:
CTk

Bcos0 = Cssin0 + —
Li

(3.3.5)

and comparing this to the standard equation for a straight line (m = slope;
c = intercept) y = mx + c
One can see that by plotting Bcos0 versus sin0 we obtain the strain component from
the slope (Ce) and the size component from the intercept (SA/L). Such a plot is
known as a Williamson-Hall plot.
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4. RESULTS AND DISCUSIONS
4.1 Strength of CO2 up to 60GPa using pressure gradient method
The data demonstrate that there is no pressure gradient across the CO2 in the range
from 3 GPa (the loading pressure) to ~12 GPa (Figure 4.1). Upon further
compression, the pressure gradient was observed increase above ~12.5GPa with a
pressure gradient of 0.017 GPa/pm. The maximum pressure was recorded in the
center of the chamber which corresponds to the center of diamond's culet, and it
depressed almost linearly to the edges (Figure 4.1).

Distance(iim)
Figure 4.1 Pressure gradient profile measured across the C02sample in the diamond anvil cell at
pressure to 60 GPa and room temperature. Individual points are the pressure recorded by the
ruby fluorescence method. Variations of the thickness of the gasket are labeled on the left and
the pressure gradients, dP/dr values are shown on the right of lines. The dashed line presents
the center of the chamber corresponding to the center of the diamond. The pressure of the
experiment is considered to be the maximum pressure which is measured at the center of the
diamond.
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The thickness (h) of the gasket was assumed to decrease linearly from the initial
thickness (30 pm) to the final thickness (10 pm) at the maximum pressure.
Therefore, the thickness of the desired pressure can thus be obtained.
In such a way, we calculated the maximum shear stress by using eq. 3.1.3 and the
results are shown in Table 4.1 and Figure 4.2. The shear stress increases sharply
from 0 to about 1 GPa at pressures of about 40 GPa (Figure 4.2).
Table 4.1.

Measured center and edge pressures, sample thickness, pressure

gradients and shear stress of CO2 at pressure to 60 GPa and room temperature.

Pedge
(GPa)
3.35
4.95
6.98
9.78
12.52
15.32
17.23
23.54
25.71
28.08
31.69
34.56
38.36
40.06
42.81
46.51
48.47
50.37
52.69
55.31
56.24
60.29

Pceneter Sample
Sample
thickness thickness/2
(GPa) hfum)
h/2 (|un)
30.05
15.03
3.35
14.74
4.95
29.49
6.98
28.77
14.38
27.78
13.89
9.78
13.4
12.22
26.81
25.82
12.91
14.33
25.14
12.57
16.2
11.45
22.9
21.36
11.07
22.14
23.36
10.65
21.3
24.87
20.02
10.01
26.3
9.5
28.74
19
8.83
17.66
30.78
8.53
17.06
32.85
8.04
16.09
34.95
14.77
7.39
37.58
14.08
7.04
38.84
6.7
13.41
40.83
6.29
12.59
43.26
5.83
11.66
45.61
5.67
11.33
49.32
4.95
9.9
52.24

Pressure
gradient
dp/dr
(GPa/ pm)
0
0
0
0
0.005
0.017
0.017
0.036 '
0.039
0.053
0.090
0.097
0.127
0.120
0.131
0.149
0.161
0.159
0.157
0.162
0.115
0.134

Shear
Stress Orj
(GPa)
0
0
0
0
0.067
0.213
0.216
0.416
v 0.434
0.569
0.899
0.921
1.116
1.024
1.053
1.1
1.131
1.066
0.989
0.942
0.653
0.664

AOrj
±(GPa)
0
0
0
0
0.004
0.012
0.012
0.026
0.028
0.038
0.063
0.069
0.089
0.085
0.093
0.105
0.114
0.112
0.111
0.114
0.082
0.095

Maximum shear stress(G Pa)
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Figure 4.2 Shear stress of C02 was studied to 60 GPa and room temperature. There is no shear
stress at pressure below 10 GPa. At higher pressures the shear stress increases sharply to reach
its maximum value of 1.1 at 46 GPa .
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The maximum value of shear stress of CO2 ÍS also about 1.1 GPa for pressure above
40 GPa. Interestingly, the increase of shear stress was close to the transiton
pressure of CO2-I to III. Moreover, the transition pressure of CO2-III to the
amorphous phase though remained unclear and is suggested at 42- 55 GPa (Santoro
and Gorelli 2006). This led us to conclude that the maximum shear stress was
obtained at pressure close to the stability field of the amorphous phase. It is
therefore indicative that the amorphous phase could be a stronger phase. Since our
sample is under nonhydrostatic conditions, the detected maximum shear stress at
close to 40 GPa could be the onset of the amorphization.
Our pressure gradient data were measured by a Raman system and therefore, the
Raman data of CO2 were also collected in this study. Our Raman spectra of CO2 are
presented in Figure 4.3. Three Raman modes (Eg, Fg+ and Fg.) of CO2 were clearly
observed at pressure to ~12 GPa, in agreement with previous reports (Olijnyk 1998,
Iota et al. 1999, Kume 2006). After 12 GPa the CO2 phase III (Cmca) started to
appear and coexist with CO2-I at pressure to 17.23 GPa. At pressure higher than
17.23 GPa, only CO2-III was observed and persited to the maximum pressure of this
study. Previous theoretical calculations (Bonev et al. 2003) suggested that CO2-III
has a tetragonal structure (P42/mnm) and two Raman modes at lower temperature,
and CO2-II has a orthorhombic (Cmca) structure and three Raman modes at higher
temperature. Our data show three Raman modes and thus support the Cmca
structure for CO2-III at lower temperature (Fig. 4.4).
In summary, the pressure gradient method can provide shear stress values for the
CO2 sample up to 60 GPa. The obtained shear stress shows no shear stress from the
loading pressure to ~12 GPa amd then increases to 1.13 GPa for the applied
pressure above 40 GPa. The variations of the shear stress show good agreements
with the phase transitions of CO2-I -> III and CO2-III

amorphous.
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Figure 4.3 Representative C02 Raman spectra at pressure to 23.5 GPa. There are 3 Raman modes
of C02-l observed at pressure about 12 GPa. A mixture of C02-l and ill was observed at 12-17
GPa. Above 17 GPa, only C02-lll was observed.

v
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Figure 4.4 The frequency shifts of Raman modes of C02 observed at pressure to 48 GPa. Solid
symbols are data from this study and open symbols are data from theoretical calculations
(Bonev et al. 2003). The mixed phase lies bettween the doted lines from 11-17 GPa.
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4.2. Strength of CO2 using lattice strain theory (Peak shifting method)
The XRD measurements of CO2 were carried out at 1-5 GPa step and diffraction
images were collected under nonhydrostatic conditions at pressure up to 37 GPa.
Figures 4.5 a and b show pressure at 7.63 GPa (CO2-I) and 19.62 GPa (CO2-III)
respectively. Figure 4.6 shows the diffraction patterns collected at i|/=54.7°, which is
the particular angle for CO2 at hydrostatic condition (see chapter 3 for details).
Using the Fit2D program, we can convert the 2D images into ID diffraction pattern
at every 5° from 0°to 180° in iJj angle. By stacking all diffraction patterns
from 0°to 180° of each pressure (Figure. 4.7 and Figure 4.8), we observe the
variations of peak shifts or d spacings at different angles.
The lattice d-spacing of CO2—I 111, 200, 210, 211, 312 and CO2—III 002, 111, 020,
112,021,200 were recovered successfully using Bragg Law expression:
(3.1)

d = 2sin0
where the wavelength A=0.4066A.

Following by calculating the differences of d spacings at different angles, the
differential stress inside the sample can be investigated.
V

Our XRD data show a sinusoidal variation in 20 of the diffraction lines due to elastic
deformation and stress in the sample (smaller d-spacing for \\j = 0° and i|j = 180°
and higher d-spacing for i|j = 90°). In addition, texture development for the high
pressure phases of CO2 are attributed to the result of plastic deformation, For
example 002 and 111, is more intense at i|j = 0° and v|j = 180° or 020 is very visible
for = 40° —70°; 112, 021 and 200 are more intense at i|/ = 70° —110°. (Figure
4.5b and 4.8) Other integrated ID spectra at higher pressures are presented in the
appendix
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Figure 4.5 Caked diffraction image of carbon dioxide (C02) along with gold (Au) and beryllium (Be)
diffraction peaks are shown at a) 7.63 GPa and b) 19.62 GPa.
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Figure 4.6 Representative ADXD -XRD spectra collected at 0 = 54.7° (i.e. hydrostatic condition),
to 37 GPa. C02along with gold (Au) and beryllium (Be) diffraction peaks are labeled with each
phase.
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Figure 4.7 Representative X-ray diffraction patterns obtained in radial geometry at 7.63 GPa.
Diffraction peaks of C02along with Au and Be are shown. Sinusoidal variations in 20 of C02and
Au diffraction lines as a result of elastic deformation are observed. At 0° and 180°the diffraction
lines have higher 20 values which correspond to the maximum stress while at 90° has the lowest
20 value that corresponds the minimum stress.

52

Figure 4.8 Representative of X-ray diffraction patterns obtained in radial geometry at 19.62GPa.
Diffraction peaks of C02 along with Au and Be are shown. Sinusoidal variations in 20 are
observed for C02 002 and 111. Textures of C02020, 112, 021 and 200 as a result of plastic
deformation are also observed (see text for details). At 0° and 180° the diffraction lines have
higher 20 values corresponding to the maximum stress while 90°has the lowest 20 value that
corresponds to the minimum stress.
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The variations of measured interplanar distances for all diffraction lines of CO2
exhibit the linear relationship with 1 —3cos2i|j, as expected from the equation 3.2.6
based on lattice strain theory (see Chapter 3 for details). Figure 4.9 presents the
linear variations of the CO2-I 111 diffraction line of at different pressures. The linear
slopes of CO2-I 111 increase with increased pressure suggesting that the
deformation at higher pressures becomes larger. For example at 13.96 GPa 111
achieve the highest deformation. The Appendix demonstrates different interplanar
distances (hkl) as a function of 1-3cos2i|j for both CO2-I and CO2-III at different
pressure steps taken in this experiment.
Values of Q(hkl) for CO2, which represent estimation of the strength normalized to
the shear modulus, are deduced directly from the slopes and intercepts of the dspacing versus 1 —3cos2i|j in Figure 4.9. A more detailed explanation can be found
in Chapter 3. To evaluate the quality of the obtained Q(hkl) values, the dependence
of Q(hkl) on 3T(hkl) of CO2-I is shown in Figure 4.10. A linear dependence of Q(hkl)
and 3r(hkl) is observed in all pressures as expected for a cubic material (see
chapter 2 for details). In Fig. 4.10 shows all the slopes are negative and Q values
increase with pressure. It is also important to note that they have similar slopes.
Besides, the 111 has the minimum Q values but the 200 has the highest Q value.
\
Assuming that the CO2-I is at the Reuss (iso-stress) condition, the ratios of the main
differential stress to the aggregate shear modulus, t/GR for CO2-I and III is resolved
directly from the average Q(hkl) values form each reflection using the expression
3.2.14 in the form
t/G = 6 < Q >

(5.2)

d-spacing (Â )
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diffraction lines at different pressures. The solid lines are linear fits to the measured
values. A t i|> =54.7° or

1-3cos2i|j =0 means the measured interplanr distances are equal

to hydrostatic condition and therefore, dm = dp (see Chapter 3 fo r details)
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Figure 4.11 illustrates evolution of the t/G ratio of CO2-I and CO2 -III at pressures up
to 37 GPa. For C02-I the ratio of t/G increases from 0.004 (0.4%) to 0.033 (3.3%) in
the pressure range 4.91 - 13.96 GPa. For CO2-III, the ratio of t/G increases from
0.067 (6%) to 0.080 (8%) in the pressure range 19.62 - 36.89 GPa. The t/G data of
CO2-I show that the maximum value is about 0.03 (3%), at the pressure close to the
phase transition. For CO2-III, the t/G values reach the highest value at 27.55GPa
with a ratio of 0.09 (9%). Usually the t/G ratio is used to compare the strength with
other materials, for example the t/G ratio is about 3-7% for silicates and less than 3%
for metals. It is important to note that this ratio is direct from experimental data and
there is no contribution from other theoretical inputs. The shear moduli

(G r)

at

Reuss condition are obtained from ab-inito calculations (per. comm. Boris Kiefer).
With the input of G r, we could calculate the differential stresses (t) of CO2-I that are
0.037-0.602 GPa in the applied pressures of 4.91-13.96 GPa and for the CO2-III, the
differential stresses are 0.412-0.832 GPa in the applied pressures of 19.62-36.89
GPa. (Figure 4.12 Table 4.2 and 4.3). The differential stress of CO2-I is less than 0.5
GPa at pressures below 12 GPa, suggesting relatively weak behavior of this material
in this pressure range. However, with increasing pressure, the differential stress
rises quickly up to 2.4GPa at ~37GPa; a fact that can be observed by the sharp trend
of the slope indicating that CO2-III is stronger than that of CO2-I. v
Differential stress and shear stress up to 60GPa are presented in Figure 4.13. My
results show that differential stress is almost two times higher than shear stress, in
good agreement with theory (eq. 3.2.2). However, both methods suggest very low
stress developed in the sample of CO2-I and within the elastic deformation limit. For
detailed numeric information see Table 4.1 and Table 4.2.
In addition, our differential stress data are compared with other materials such as
argon (Mao et al. 2006) and ice VII (Somayazulu et al. 2008). The CO2-I data are
stronger than argon but weaker than Ice VII at pressures to about 12 GPa. However,
on the other hand CO2-III data shows a higher value than both argon and ice-VII at
higher pressures (Figure 4.14).
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Figure 4.10 Evolution of Q(hkl) as a function of 3r(hkl) for C02-l. The solid lines are the lastsquare fits to the data.

Differential stress/shear modulus
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Pressure (G P a )
Figure 4.11 The ratio of differential stress to shear modulus for C02 at pressure up to 37 GPa.
The solid curves are polynomial fits to C02-l and III.
diamonds denote C02-lll.

Solid circles denote C02-l and solid

Differential stress (G P a )
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Figure 4.12 The differential stress supported by C02obtained at pressure up to 37 GPa. Solid
circles and diamonds are Co2-l and III, respectively. Solid lines are linear fits to the differential
stress of C02-l and III.
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Table 4.2 The shear modulus G, ratio of differential stress to shear modulus, t/G and
differential stress, t for C02-l at different pressures

P (Gpa)

t/GR

Gr

AQ

t (GPa)

At

4.91

0.004

8.455

0.002

0.037

0.003

6.52

0.009

10.316

0.003

0.091

0.005

7.63

0.012

11.558

0.003

0.135

0.006

9.32

0.014

13.403

0.004

0.190

0.009

10.35

0.028

14.488

0.012

0.413

0.030

13.96

0.033

18.102

0.009

0.602

0.029

Table 4.3 The shear modulus G, ratio of differential stress to shear modulus, t/G and
differential stress, t for CO2-III at different pressures

P (Gpa)

t/GR

Gr

AQ

t (GPa)

At

19.62

0.067

18.402

0.003

1.227

0.059

25.18

0.068

22.461

0.005

1.534

0.108

27.55

0.090

24.145

0.005

2.184

0.113

36.89

0.080

30.494

0.005

2.434

0.145
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Figure 4.13 Differential stress and shear stress of C02 at pressures to 58 GPa. Solid triangles are
data from differential stress and solid squares are data from shear stress.
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Figure 4.14 Comparisons of differential stress of C02 with argon and Ice VII. Solid triangles
denote C 0 2/ open circles denote argon (Mao et al. 2006) and open squares denote ice VII
(Somayazulu et al. 2008).
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4.3 Equation of State (EOS) of C02
Values of d spacings obtained at i(/ = 0°, 54.7°, and 90° were used to calculate the
volume of CO2 at maximum stress, hydrostatic and minimum stress condition,
respectively (Figure 4.15). The equation of state of CC^for the corresponding stress
conditions has been calculated using the third-order Birch-Murnaghan equation:
P = fKoT
(4.4.1)

Carbon dioxide solidifies into phase I at 0.6 GPa at room temperature. This phase
has a face centered cubic structure with a symmetry space group Pa3. Olinger (1982)
was the first to investigate the compression of CO2 using X-ray diffraction between 1
and lOGPa and reported a bulk modulus of 10 GPa. Later, Yoo et al. (1999) reported
a different bulk modulus value of 12.4 GPa.

However, Yoo et al. (1999) also

reported a different pressure derivative value (Ko'=3.65) from that of Olinger (1982)
(Ko'=5.02). In this study, our volume data (Figure 4.15) seem close to Olinger's and

therefore, the Ko'=5.02 was adopted for our P-V data calculations. The yielded bulk
modulus for hydrostatic condition is 9.73(25) GPa, which is also close to Olinger's
data. Based on the same Ko' value, the bulk modulus obtained fromv|j = 0° and
i|/ = 90° are 8.7(16) GPa and 10.28(35) GPa. On the other hand Yoo et al (1999)

reported a bulk modulus of 87 GPa for CO2-III and our data is close to theirs. So, the
pressure derivative from Yoo et al. (1999) was used to fit to the volume data of CO2III in this study. This resulted to yielded a bulk modulus of 78.24(8) GPa for
hydrostatic conditions (Figure 4.15).
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Figure 4.15 Equations of state of C02-I and III at xfj = 0°, 54.7° and 90° (solid symbols). The
solid curves are fits to the third-order Birch Murnaghan equation of state. The open triangles are
from Olinger (1982) and open circles are from Yoo e t al. (1999).
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4.4 Elasticity of CO2 Phase I
Elastic properties govern the behavior of a material subjected to small
stresses, such as those associated with seismic waves. The relationship between
stress and strain (deformation) in the region of elastic behavior is the elastic
moudulus. The bulk modulus describes how much pressure is required to cause a
unit volume change whereas the shear modulus, or rigidity, involves no volume
change, but describes a material's change in shape as a response to shear stresses.
Elasticity measurements provide information concerning the forces that operate
between atoms or in our case molecular solids, giving insight into the nature of
binding forces in crystals. (Birch. 1952)
Based on Reuss micromechanical model, three independent elastic moduli
for the cubic structure of CO2 were calculated utilizing equations (3.2.26a, b and c)
from lattice-strain theory (Singh et al., 1998). Figure 4.16 shows the recovered
values of elastic tensor (C11 , C12, C44) for CO2 from 4.9-14 GPa along with theoretical
calculations (Kiefer, unpublished). One can see that experimental results are in
reasonable agreement with theoretical predictions. We observe Cn> C12 >C44 for the
entire pressure range of CO2-I. Using the elastic moudli one can also calculate the
elastic anisotropy, the ratio of shear moduli in the (100) and (110) planes in [100]
direction. (Figure 4.17) is known as Zener ratio. The Zener ratio values decrease
with the increasing pressure. The value decreases from 3 at 4.9GPa to 1.4 at 9.32GPa
and then increases again. This fact is indicating a possible phase transition about to
occur. Numeric values are presented in Table 4.4.
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Pressure (G P a )
Figure 4.16 The second-order elastic constants of C02-l. The solid symbols are data from this
study and solid curves are from theoretical predictions.
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Figure 4.17 Zener Ratio as a function of pressure for cubic CO 2-I.
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Table 4.4 Intercept (mo) and slope (mi) values taken from linear fit of Q vs 31", Elastic
stiffness Qj and Zener ratio (elastic anisotropy) values.

29.46

C44
14.64

A
3.066

45.72

31.93

15.46

2.242

-0.001

51.06

33.72

15.61

1.800

0.003

-0.001

57.66

35.00

15.89

1.402

10.35

0.006

-0.003

59.66

38.26

20.15

1.883

13.96

0.006

-0.002

77.58

46.64

21.94

1.418

Cn

Cl2

0.001

mi
-0.001

39.01

6.52

0.002

-0.001

7.63

0.003

9.32

P fGPal
4.91

mo
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4.5 Peak broadening method, determination of strain
Carbon dioxide sealed in a diamond anvil cell has been measured using synchrotron
radiation at axial ADXD geometry. In this geometry the incoming x-ray beam is in
the same direction as the loading axis. Beryllium peaks are not observed in this case.
Diffraction spectra of CO2 were measured up to 37 GPa. The obtained ADXD data in
radial geometry is shown in Figure 4.18 The d-spacings of CO2-I 111, 200, 210, 211,
312 and CO2-III 002, 111, 020,112, 021 and 200 were recovered successfully using
Bragg's Law, Equation (3.1), where the wavelength is A=0.4066A.
We used the PeakFit program to find the values of the full width at half maximum
(FWHM) or (B) of CO2-I 111, 210, 211 and the 20 angle.
According to theory (see Chapter 3 for details) deviatoric strain, £ has been
calculated for fitting the sinO vs Bcos0 (Figure 4.19). The values obtained from this
method are 0.106 -0.521 GPa for applied pressures of 4.9-9.56 GPa. Numeric details
are presented in Table 4.5.
We could only observe the B values for CO2-I as they are clear and easy to be fitted
for measuring the broadening of the peaks. However, it seems that this method
canot apply to the case for CO2-III because the peaks are not very intense and some
V

of the peaks of CO2-III are very close to each other that make it harder to determine
the FWHM values (Figure 4.18).
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Figure 4.18 ADXD C02and gold collected in axial geometry.
\
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Figure 4.19 Variation of Bcos9 as a function of sin0 for C02-l 111, 210 and 211 at pressures to
9.59 GPa.
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Figure 4.20 Deviatoric strain versus pressure for C02 -I at elevatd pressures

Table 4.5 Devaitoric strain of C02 -I pressure up to ~10 GPa.

P (Gpa)
4.97

£ (GPa)
0.106

Ae (GPa1
0.017

5.70

0.127

0.074

7.22

0.271

0.141

7.92

0.338

0.167

9.59

0.521

0.105
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5. CONCLUSIONS
The shear stress of CO2 was measured by using pressure gradient method at
pressure to 60 GPa at room temperature. Our results show that there is no shear
stress to 10 GPa and a weak shear stress onsets at about 12 GPa, corresponding to
sluggish transition pressure of CO2-I to III. Later, the shear stress increases sharply
to its maximum value of 1.1 to about 46 GPa. This discovery again is close to the
transition pressure of the amorphous phase of CO2. Our shear stress data seems to
suggest that the variations of shear stress of CO2 in excellent agreement with the
phase transition of CO2. Furthermore, the shear stress versus pressure results can
provide constraint on the elastic and plastic regions of deformation. From our
results it is suggest that up to 12 GPa CO2 might be in elastic deformation zone and
at pressures greater than 12 may behave plastically deformed.
The ratios of the differential stress to the aggregate shear modules, t/G for C02-Iand
III are obtained. For CO2-I the ratio of t/G increases from 0.004 (0.4%) to 0.033
(3.3%) in the pressure range of 4.91 - 13.96 GPa. For C02-III, the ratio of t/G
increases from 0.067 (6%) to 0.080 (8%) in the pressure range of 19.62 - 36.89 GPa.
The differential stress of CO2-I is less than 0.5 GPa at pressure below 12 GPa,
suggesting a relatively weak behavior of this material in this pressure ranges.
However, with increasing pressure the differential stress rises quickly up to 2.4GP at
~37GPa, showing by the sharp trend of the slope and indicating that CO2-III is a
stronger material.
Comparisons of differential stress and shear stress up to 60 GPa show that
differential stress has twice value of the shear stress, in good agreement with theory.
Importantly, both methods suggest that very low stress developed in the sample of
CO2-I and it could be in the elastic deformation limit.
This experimental study made possible to recover the EOS of CO2 for the
corresponding stress condition using the third-order Birch-Murnaghan equation of
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state. The obtained data show that CO2-I has Vo=0.6206(2) cm3gt, Ko 9.73(2) GPa,
K'o=5.02 and CO2-III has a Vo=0.46(6) cm3g t, Ko= 78.24(8)GPa, and Ko'=2.052(6)]
In addition the elsastic mouli have been recovered and they show a variation of Cn>
Ci2 >C44. Using the elastic moudli the elastic anisotropy has been calculated.
Furthermore using the peak broadening method led to evaluate deviatoric strain of
the sample yielded a value of 0.106 -0.521 GPa.

74

REFERENCE
Aoki, K., Yamawaki, H., Sakashita, M., Gotoh, Y. & Takemura, K. Crystal structure of
the high-pressure phase of solid C02 . Science 263, 356-358 (1994).
Arrhenius, S. On the influence of carbonic acid in the air upon the temperature of
the ground. The London, Edinburgh and Dublin Philosophical Magazine and Journal
of Sciences 41: 237-276 (1896)
Bachu S. C02 storage in geological media: Role, means, status and barriers to
development. Progress in Energy and Combustion Science 34, 247-273 (2007)
Baker, V.R., Strom R.G., Gulick, V.C., Kargel J.s., Komatsu, G. and Kale, V.S. Ancient
oceans, ice sheets and hydrological cycle on Mars Nature 352(1991)
Basset, W. A. and Takahashi T. Specific volume measurements of crystalline solids
at pressures up to 200kbars by X-ray diffraction In: Lloyd (es) ASME Symposium of
High-Pressure Technology (1964)
Birch, F. Elasticity and constitution of the Earth's interior, Journal of Geophysical
Reviews, 57, 227-286. (1952)
Bonev S. A., Gygi, F., Ogitsu, T., and Galli, G. High-Pressure Molecular Phases of Solid
Carbon Dioxide Physical Review Letters 91,065501 (2003)
Buckingham, A. D , Disch, R. L. and Dunmurl, D. A. The Quadrupole Moments of
Some Simple Moleculesjournal of the American Chemical Society/90:20/ (1968)
Cao L.

Bala G. and Calderia K. Why is there a short-term increase in global

precipitation in response to diminished CO2 forcing? Geophysicsl Research Letters
38,6,1-6 (2011)
CDIAC United Nations Statistics Division, Millennium Development Goals indicators:
Carbon Dioxide emission (CO2), thousands metric tons of CO2 (2008)

75

Duffy T. S. Strength of materials under static loading in the Diamond Anvil cell. AIP
Conference proceeding (2007)
Duffy T.S., Shen G., Shu J., Mao H.K., Hemley R.J., and Singh A.K. Elasticity, shear
strength and equation of state of molybdenum and gold from X-raydiffraction undr
nonhydrostatic compression to 24 GPa. Journal of Applied physics, 86, 6729-6736
(1999a)
Duffy, T. S., Shen, G., heins, D. L, shu, J., Ma, Y., Mao, H. K. J., Hemleym, R.J. and Singh
A. K. Lattice strains in gold and rhenium under nonhydrostatic comprssion to 37
GPa Journal of Physical Review B, 60,1503-15073 (1999b)
Elder, F.R., Gurewitsch, A.M., Langmuir, A.M., and Pollock, H.C., Radiation from
electrons in a synchrotron. Physical Review 71,829-830. (1947)
Eremits M.I High Pressure Experimtal Method Oxford university press (1996)
Fei, Y., Ricolleau, A., Frank, M., Mibe, K., Shen, G., and Prakapenka, V. Toward an
internally consistent pressure scale. Proceedings of the National Academy of
Sciences, 104,9182-9186 (2007)
Ferraro J.R. amd Nakamoto K., Introductory Raman Spectroscopy ISBN 0-12!

\

253990-7 (1994)
Funamori N. and Jeanloz R. High-Pressure Transformation of AI2O3 Science 278,
1109-1111(1997)
Fung Y.C. Foundations of solid mechanics,525pp, Prantice Hall, Engelewood Cliffs,
N.J., (1965)
Gerward, L., Morup, S. and Topsoe, H. Particle size and strain broadening in energydispersive X- ray powder patterns. Journal of Applied Physics. 47,822-825, (1975)
Giordano, V.M. and Datchi, F. Molecular carbon dioxide at high pressure and high
temperature. Exporatin the Frontiers of Physics Journal 77,46002 (2007)

76

Goldberg, D.S., Takahashi, T. and Slagle, A.L. Carbon dioxide sequestration in deepsea basalt PNAS 105,9920-9925 (2008]
Gygi, F. First-principles simulations of organic compounds:Solid C02 under
pressure Computational Materials Science 10 63-66(1998]
Haberle R.M Buried dry ice on Mars Journal of Geophysical Research, 100, E6, PP.
11,781-11,799, (1995]
Hanson, R. C. A new high pressure phase of solid C02 The Journal of Physical
Chemistry 89,4499-4501 (1985]
Hanson, R. C. and Jones, L. H., Infrared and Raman studies of pressure effects on the
vibrational modes of solid C02 Journl of Chemical Physics 75,1102 (1981]
Hemley R.J., Mao H., Shen G., Badro J., Gillet P., Hanfland M. and Hausermann D. Xray Imaging of stress and strain of diamond iron and tungsten at megabar pressures.
Science 276 (1997]
Henderson G.S and Baker D. R. Syncrotron Radiation (Minarological Association
of Canada Short Couse series 30 1-22 (2002]
Iota V., Yoo C.S., Klepeis J.H., Jenei Z. Evans W and Cynn, H. Six-fold coordinated
carbon dioxide VI Nature 6 (2007]
Iota, V. and Yoo, C. S. Phase diagram of Carbon Dioxide: Evidence for A New
Associated Phase Physical Reviw letters 86(26] 5922 (2001]
Iota, V., Yoo, C. S. & Cynn, H. Quartzlike carbon dioxide: An optically nonlinear
extended solid at high pressures and temperatures. Science 283,1510-1513 (1999].
Jamieson J.C., Lawson, A. W., and Nachtrieb N.D., New device for obtaining X-ray
diffractions patterns from substances exposed to high pressure Review of Scientific
Instruments 30,1016 (1959].

77

Kuchta B., Etters R. D. Prediction of high-pressure phase transition and other
properties of solid C02 at low temperatures. Journal of Physical Review B. 38 62656269(1988)
Lackner K. S Climate Change: A Guide to CO2 Sequestration Science 300,1677-1678
(2003)
Lee, S.K., Lin, J.F., Cal, Y. Q., Hiraoka, N., Eng, P. J., Okuchi, T., Mao, H.K, Meng, Y., Hu,
M.Y., Chow, P., Li, B., Fukui, H., Lee, B. H., Kiw, H.N., and Yoo, C. S. X-ray Raman
scattering study of MgSi03 glass at high pressure; Implication for triclusterd MgSi03
melt in Earth's mantle. PNAS 105,2008
Liu , J. and Vohra, Y.K. florescience emission from high purity synthetic diamond
anvil to 370 GPa Journal of applied physics 68,2049-2051 (1996)
Liu L., Compression and phase behavior of solid C02 to half megabar Earth and
Planetary science letters 71,104-110 (1984)
Lu R. and Hofmeister A.M. Infrared fundamentals and phase-transition in C02 up
to 50 GPa Physical Review B. 52, 3985-3992 (1995)
Mao H.K, Badro J., Shu, J., Hemley, R. J. and Sing A. K.Strength, anisotropy, and
\
preferred orientation of solid argon at high pressures. Journal of Physics: Condesed
Matter 18 S963-S968 (2006)
Mao, H. K., Wo. Y, Hemley, R. J. Chen, L. C. Shu, J. F. Finger, L. W. X-ray diffraction to
302 gigapascals high-pressure crystal structure of cesiou iodine Science 246:649651(1989)
Mao, H.K. and Hemley, R.J. New window on the Earth's deep interior. In Reviews in
Minarology, edited by Hemley, R. J 37,1-33 (1998)
Mao, H.K., and Bell, P.M. High-Pressure Physics: The 1 Megabar Mark on Ruby R1
static Pressure Scale. Science, 191,851-852 (1976)

78

Meade C, Hemley R. J., and Mao H. K. High-pressure x-ray diffraction of Si02 glass
Journal of Physical Review Letters 69,1387-1390 (1992)
Meade C. and Jeanloz R. Yield Strength of MgO to 40 GPa Journal of Geophysical
Research, 93, 3261-3269, (a, b 1988)
Merkel, S., Wenk, H.R., Shu, J., Shen,. G., Gillet, P., Mao, H. and Hemley, R.J.
Deformation of polycrystalline MgO at pressures of the lower mantele. Journal fo
Geophysical Research, 107, 2271 (2002)
Miller S. A.,

Collettini C., Chiaraluce L., Cocco M., Barchi M. and Kaus B.J.P.

Aftershocks driven by a highpressure C02 source at depth Nature 427, 724-727
(2004).
Murnane, R., Sarmiento, J.L. and Le Quere, C. Spatial distributon of air-sea C02 flux
and the interhemispheric transport of carbon by the oceans. Global byiocemical
cycles 13:287-305 (1999)
Nettels, L. and Conner, M., Carbon dioxide sequestration ¡Transportation, storage
and other infrastructure issues Tex. J. Oil Gas & Energy L. 27 (2008)
Nye, J.F. Phyiscal properties of crystals, Oxford University Press, New York (1985)
V

Olijnyk, H. and Jephcoat, A. P. Vibrational studies on C02 up to 40 GPa by Raman
spectroscopy at room temperature. Physical Review B. B 57,879-888 (1998).
¿linger, B. The compression of solid C02 at 296 K to 10 GPa Journal of Chemical
Physics 77, 6255-6258, (1982).
Park, J.H., Yoo, C.S., Iota,V. Cynn, H. Nicol, M.F and LeBihan, T. Crystal structure of
ben carbon dioxide phase IV Physical Review B 68., 014107 (2003)
Poirier, J.P. Introduction to the Earth's interior, University Press, Cambridge, UK

(2002).
Quere, C ., Prinn, R.G., Richey, J.E., Lankao, P. R, Sathaye, J., and Valentini, R. Current
status and Past Trends of the Global Carbon Cycle. SCOPE 62,17-44 (2004)

79

Reichmann H. J., Speziale S.; Helmholtz Centre Potsdam, High-Pressure Raman
Spectroscopy on Zircon (ZrSi04) German Research Centre for Geosciences (2010)
Rouff, A. L., Xia, H, and Vohra, Y. Miniaturization techniques for obtaining static
pressures comparable to the center of the Earth: X-ray diffraction at 416 GPa.
Review of Scientific Instruments, 61, 3830-3833 (1990)
Sabine, C.L., Heimann, M., Araxo, P, Bakker, D. Chen, C. Field, C. Gruber, N. Le Quere,
C. and Metzl, N. Natural Process Regulating the Ocean Uptake of C02 SCOPE 62
(2004)
Santoro, M. and Gorelli, F.A. High pressure solid state chemistry of carbon dioxide
Journal of Chemical Society Reviews, 35,918-931 (2006)
Santoro, M., Gorelli, F. A., Bini, R., Ruocco, G., Scandolo, S. and Crichton W. A.
Amorphous silica-like carbon dioxide Nature 441,857-860 (2006)
Sengupta, A. and Yoo, C.S Coesite-like C02: An analog to Si02 Physical Review B 82,
012101054 (2010)
Sham T.K., Synchrotron Radiation: An Overview, Volume 30 Mineralogical
Association of Canada. Synchrotron Radiation Earth, Environmental and Material
V

Sciences Applications. (2002)
Shieh, S.R. Duffy T.S., Li B., Strength and elasticity of Si02 across the stishoviteCaC12-type phase, Phys. Rev. Lett. 89, 255507, 2002.
Shieh, S.R., Duffy T.S., Shen, G. Elasticity and strength of calcium silicate perovskite
at lower mantle pressures, Phys. Earth Plane. Inter. 143-144,93-105, (2004)
Siminchak, J. and Gupta, N Issues Related to seismic activity induced by the
injection of C02 in deep saline aquifers Jounal Enregy Environ Res 2, pp. 32-46
(2002)

Sing A. K. and Kennedy G. C. Uniaxial stress component in tungsten carbide anvil
high-pressure X-ray cameras. Journal of Applied Physics 45,4686-4691, (1974).

80

Singh, A. K. and Balasingh, C Analysis of lattice strains measured under
nonhydrostatic pressure Journal of Applied Physics 83,7567-7575 (1998).
Singh, A. K. The lattice strains in a specimen (cubic system) compressed
nonhydrostatically in an opposed anvil device. Jorurnal of Applied Physics, 73,
4278-4286 (1993).
Singh, A. K., Balasingh, C., Mao. H. K., Hemley, R. J. and Shu, J. Analysis of lattice
strains measured under non-hydrostatic pressure. Journal of Applied Physics, 83,
7567-7575 (1998a).
Singh, A. K., Mao H.K., Shu, J. and Hemley, R.J., Estimation of cigle crystal elastic
moduli from polycrystalline X-ray diffraction at high pressure: Applications to FeO
and iron. Physical Review Letters, 80, 2157-2160 (1998b).
Somayazulu M. Shu J, Zha Ch., and Alexander F. Goncharov 0 Tschauner Mao and
Russell J. H. In situ high-pressure x-ray diffraction study of H20 ice VII The Journal
of Chemical Physics 128, 064510 (2008)
Sung, C. M., Goetze C. and Mao H. K. Pressure distribution in the diamond anvil
press and shear strength of fayalite Review science instrument 48., 1386-1391,
(1977)

\

Takahashi, T., Sutherland, S. C., Sweeney, C., Posson, A., Metzl, N., Beats, N.,
Wanninkhof, R., Feely, R. A., Sabine, C., Olafsson, J. and Nojiri, Y. Global sea-ari C02
flux based on klimatological surface ocean pC02, and seasonal biological and
temperature effects. Deep sea Research II 49:1601-1622 (2002)
Turrell G. and Corset J. Raman Microscopy: Developments and Applications (1996)
Weidner D. J Rheological Studies at High Pressure Reviews in Mineralogy Volume
37, 0275-0279 (1998)
Weidner, D., Li, L., Chen, J. Effects of plasticity on elastic modulus measurements.
Geophysical Research Letters, 3, L06621 (2004)

81

Willets, F. W., An analysis of X-ray diffraction line profiles using standard deviation
as a measure of breadth. Journal of Applied Physics 16,323-333, (1965)
Williams Q.

Infrared, Raman optical spectroscopy of Earth materials. AGU

Handbook of Physical Constants, Vol. 2, T.J. Ahrens, Ed., pp. 291-302, American
Geophysical Union, Washington, D.C. (1995)
Williamson G.K. and Hall W.H. X-ray line broadening from filed aluminium and
wolfram Acta Metallurgica, 1,1. 22-31 (1953)
Winick, H. Synchrotron Radiation Sources, a Premier. Word Scientific, Singapore.
(1994)
Wu, T. C. and Basset W.A. Deviatoric stress in a diamond anvil cell using
synchrotron radiation with two diffraction geometries PAGEOPH Journal, 141, 509519,(1993)
Yoo C.S., Cynn H., Gygi F., Galli G., Iota V., Nicol M., Hausermann D. and Mailhiot C.
Crystal structure of Carbon Dioxide at high pressure: "Superhard" Polimeric Carbon
Dioxide Physical Review letters 83,5527 (1999)
Yoo C.S., Kohlmann H. Cynn H., Nicol M.F., Iota V. and LeBihan T. Crystal structure
\

of pseudo-six-fold carbon dioxide phase II at high pressures and temperatures
Physical Review B 65,104103(2002)

82

APPENDIX

Figure A l The variations of d spacing as a function of 1 - 3cos2i|/for C02-l 200 diffraction lines
at different pressures. The solid lines are linear fits to the measured values. Corresponding
hydrostatic pressures form Au pressure scale (Fei et al 2007) in GPa are shown on the right of
the plot.At ij; =54.70 or 1-3cos2i|j =0 means the measured interplaner distances are equal to
hydrostatic condition and therefore, dm= dp(see Chapter 3 for details)

d-spacing (angstrom)
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Figure A2 The variation of d spacing as a function of 1-3cos2iJj for 210 diffraction line of C02 at
different pressure. The solid lines are linear fits to the measured values. Corresponding
hydrostatic pressures form Au pressure scale (Fei et al. 2007) in GPa are shown on the right of
the plot. At il> =54.7° ,l-3cos2ip =0 that mean at this angle the measured interplaner distances
are equal with those at hydrostatic condition so dm= dp
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Figure A3 The variation of d spacing as a function of 1-3cos2iJj for 211 diffraction line of C02 at
different pressure. The solid lines are linear fits to the measured values. Corresponding
hydrostatic pressures form Au pressure scale (Fei et al. 2007) in GPa are shown on the right of
the plot. At ip =54.7° ,l-3cos24> =0 that mean at this angle the measured interplaner distances
are equal with those at hydrostatic condition so dm= dp
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Figure A4 The variation of d spacing as a function of 1-3cos2i|j for 321 diffraction line of C02 at
different pressure. The solid lines are linear fits to the measured values. Corresponding
hydrostatic pressures form Au pressure scale (Fei et al. 2007) in GPa are shown on the right of
the plot. At iJj =54.7° ,1-3cos2i|j =0 that mean at this angle the measured interplaner distances
are equal with those at hydrostatic condition so dm= dp

d-spacing (Â)
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Figure A5 The variation of d spacing as a function of l-3cos2ijj for C02-lll 002 diffraction line of at

different pressure. The solid lines are linear fits to the measured values.

d-spacing (A)
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Figure A6 The variation of d spacing as a function of 1-3 c o s 2i|j for C02-lll 111 diffraction line of at

different pressure. The solid lines are linear fits to the measured values
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Figure A7 The variation of d spacing as a function of

( 1 - 3 c o s 2iJj )

for C02-lll

020

diffraction line of

at different pressure. The solid lines are linear fits to the measured values The solid lines are
linear fits to the measured values. Corresponding hydrostatic pressures form Au pressure scale
(Fei et al

2007)

in GPa are shown on the right of the plot. At \\) = 5 4 . 7 ° ,l-3cos2t|; = 0 that mean at

this angle the measured interplaner distances are equal with those at hydrostatic condition so
dm = dp

Differential stress/shear modulus
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1-3cos2ij/
Figure A8 The variation of d spacing as a function of 1-3 c o s 2i|j for C02-lll 112 diffraction line of at

different pressure. The solid lines are linear fits to the measured values
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Figure A9 The variation of d spacing as a function of

1 - 3 c o s 2iJj

for C02-lll 021 diffraction line of at

different pressure. The solid lines are linear fits to the measured values. The solid lines are linear
fits to the measured values. Corresponding hydrostatic pressures form Au pressure scale (Fei et
al 2007) in GPa are shown on the right of the plot. At ip =54.7°

, 1 - 3 c o s 2iJj

=0 that mean at this

angle the measured interplaner distances are equal with those at hydrostatic condition so dm =
dp
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1-3cosi|/
Figure A10 The variation of d spacing as a function of

1 - 3 c o s 2iJj

for C02-lll 200 diffraction line of

at different pressure. The solid lines are linear fits to the measured values. The solid lines are
linear fits to the measured values. Corresponding hydrostatic pressures form Au pressure scale
(Fei et al 2007) in GPa are shown on the right of the plot. At ip =54.70 ,1 - 3 c o s 2i|j =0 that mean at
this angle the measured interplaner distances are equal with those at hydrostatic condition so
dm = dp
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Figure A l l Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 4.90 GPa. Diffraction peaks of C02 along with Au and Be are shown. Sinusoidal
variations of C02and Au diffraction lines as a result of elastic deformation can be observed. At 0°
and 180°the diffraction lines have higher 20 values which correspond to the maximum stress
and at 90° has 20 value that corresponds to the minimum stress
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Figure A12 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 6.51 GPa. Diffraction peaks of C02 along with Au and Be are shown. Sinusoidal
variations of C02and Au diffraction lines as a result of elastic deformation can be observed. At 0°
and 180°the diffraction lines have higher 20 values which correspond to the maximum stress
and at 90° has the lowest 20 value that corresponds to the minimum stress
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Figure A13 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 9.92 GPa. Diffraction peaks of C02 along with Au and Be are shown. Sinusoidal
variations of C02and Au diffraction lines as a result of elastic deformation can be observed. At0°
and 180°the diffraction lines have higher 20 values which correspond to the maximum stress
and at 90° has the lowest 20 value that corresponds to the minimum stress
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Figure A14 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 10.35 GPa. Diffraction peaks of C02along with Au and Be are shown. Sinusoidal
variations of C02and Au diffraction lines as a result of elastic deformation can be observed. At 0°
and 180°the diffraction lines have higher 20 values which correspond to the maximum stress
and at 90° has the lowest 20 value that corresponds to the minimum stress
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Figure A15 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 13.96 GPa. Diffraction peaks of C02along with Au and Be are shown. Sinusoidal
variations of C02and Au diffraction lines as a result of elastic deformation can be observed. At 0°
and 180°the diffraction lines have higher 20 values which correspond to the maximum stress
and at 90° has the lowest 20 value that corresponds to the minimum stress
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Figure A16 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 25.17GPa. Diffraction peaks of C02 along with Au and Be are shown. Sinusoidal
variations are observed for C02 002 and 111. Textures of C02 020, 112, 021 and 200 as a result
of plastic deformation are also observed. At 0° and 180° the diffraction lines have higher 20
values which corresponds to the maximum stress and at 90° has the lowest 20 values that
correspond to the minimum stress.
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Figure A17 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 27.54GPa. Diffraction peaks of C02 along with Au and Be are shown. Sinusoidal
variations are observed for C 0 2 002 and 111. Textures of C02 020, 112, 021 and 200 as a result
of plastic deformation are also observed. At 0° and 180° the diffraction lines have higher 20
values which corresponds to the maximum stress and at 90° has the lowest 20 values that
correspond to the minimum stress.
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Figure A18 Representative angle dispersive X-ray diffraction patterns of C02 obtained in radial
geometry at 36.89 GPa. Diffraction peaks of C02along with Au and Be are shown. Sinusoidal
variations are observed for C02 002 and 111. Textures of C02 020, 112, 021 and 200 as a result
of plastic deformation are also observed. At 0° and 180° the diffraction lines have higher 20
values which corresponds to the maximum stress and at 90° has the lowest 20 values that
correspond to the minimum stress.
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